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ABSTRACT
The first results on next-to-leading order QCD corrections to graviton-induced pro-
cesses in hadron collisions in models of TeV-scale gravity are presented focusing on the
case of dilepton pair production in p¯p and pp collisions. Distributions in the invariant
mass Q, the longitudinal fraction xF , the rapidity Y and the forward-backward asym-
metry of the lepton pair are studied. The quantitative impact of the QCD corrections
for searches of extra dimensions at hadron colliders is investigated. It turns out that at
the LHC (
√
S = 14 TeV) theK-factor is rather large (K = 1.6) for large invariant mass
Q of the lepton pair, indicating the importance of accounting for these QCD correc-
tions in the experimental search for TeV-scale gravity. At the Tevatron, the K-factor
does not substantially deviate from the Standard Model value. However, its inclusion
is necessitated to make the cross-section stable with respect to scale variations.
PACS numbers: 11.10.Kk, 12.10.-g, 12.38.-t, 13.60.Hb.
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1 Introduction
In the recent past, models of extra dimensions have been studied as serious contenders
for physics beyond the Standard Model. These extra-dimensional models are attractive
because they help address the hierarchy between the electroweak and the Planck scales.
In the model of Arkani-Hamed, Dimopoulos and Dvali (the ADD model) [1] the Planck
scale is reduced to a TeV and the hierarchy problem thereby avoided by invoking a
large magnitude of d extra dimensions.
In the ADD model, the Standard Model (SM) fields are constrained to a 3-brane,
while gravitons propagate in the 4+d dimensions. Then the size of the extra dimensions
is only constrained by the length scales to which the gravitational inverse square law
has been experimentally tested, which are currently probing the sub-millimetre range.
For d between 2 and 6, the size of the extra dimensions varies from a millimetre to a
Fermi. The relation between the 4-dimensional Planck scale MP and the scale MS in
(4 + d)-dimension is
MP ≈M (d+2)S Rd , (1.1)
where R is the compactification radius. In the ADD model, because R is large it is
possible to lower MS down to a TeV and avoid the hierarchy problem. An important
consequence of the lowering of the Planck scale is that quantum gravity effects could
be tested at energies of O(TeV). So it opens up a new area of studies on the effects of
gravitons at present and future colliders.
The 4 + d dimensional graviton manifests in 4-dimensions as a tower of massive
Kaluza-Klein (KK) modes. These KK modes interact with the SM particles confined
to the 3-brane via the energy-momentum tensor. Each KK mode couples to the SM
particles with a coupling of the order of 1/MP , (we will use κ in the rest of the paper).
As can be seen the coupling of each KK mode to the SM particles are highly suppressed.
But the effective coupling is obtained after summing over all the KK modes and due to
the high multiplicity of the KK modes the effective interaction has a strength of 1/MS
[2, 3]. This enhanced coupling provides viable signatures of the graviton KK modes at
colliders. Both real graviton production and the effects of virtual gravitons in various
processes have been studied in the literature [4] and have yielded bounds onMS which
are in the ball-park of a TeV.
These collider processes involving gravitons have, however, been studied at the
leading order (LO) in QCD 1. At hadron colliders such as present Tevatron and up-
coming Large Hadron Collider (LHC), the theoretical uncertainties coming from the
QCD effects due to initial state partons are quite sizable. The sources of these uncer-
tainties are two fold: renormalisation and factorisation scales and the parton distribu-
tion functions. The scale uncertainties can come from the strong coupling constant as
well as parton distribution functions. Experience with next to leading order (NLO)
1Recently NLO-QCD corrections to e+e− → hadrons have been studied in [5]
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contributions to SM processes strongly suggests that the LO corrections at hadronic
colliders are quiet unreliable [6, 7]. The standard Drell-Yan (DY) processes and Higgs
production at hadron colliders, for example, not only get large corrections but the
theoretical uncertainties get reduced significantly from NLO corrections.
It is with this motivation that the present paper presents the results of the com-
putation of NLO-QCD corrections to the DY process, P1+P2 → µ+µ−+X , where P1,
P2 are initial hadrons and X is an arbitrary hadronic final state. This process takes
place via the exchange of γ, Z and graviton. These NLO results are used to study
the impact of the QCD correction for this process at the present Tevatron collider and
the future LHC which is planned to operate at centre-of-mass energies around 14 TeV.
This process had been considered earlier to LO [8, 9] in the ADD model.
The results we present here are for the ADD model, but since the QCD corrections,
presented here, are model-independent they may equally be used for studying the
Randall-Sundrum model of warped compactification [10].
This paper is organised as follows. In Sec. 2 we describe additional graviton vertices
needed to perform the NLO QCD corrections. We study the distributions in the
invariant mass Q (Sec. 3), the longitudinal fraction xF (Sec. 4), the rapidity Y (Sec. 5)
and the forward-backward asymmetry (Sec. 6) of lepton pair. Finally in Sec. 7 we
present the discussion and summarise the results. In Appendix A and B we present the
detailed expressions needed for xF and Y distributions in Sec. 4 and Sec. 5 respectively.
3
2 The Model
We work with the following action
S = SSM − κ
2
∫
d4x ΘQCDµν (x) h
µν(x) , (2.1)
where SSM is the Standard Model action, h
µν is the graviton field and κ is the strength
of the interaction. The energy momentum tensor in QCD is given by
ΘQCDµν = −gµνLQCD − F aµρF aρν −
1
ξ
gµν∂
ρ(Aaρ∂
σAaσ)
+
1
ξ
(Aaν∂µ(∂
σAaσ) + A
a
µ∂ν(∂
σAaσ)) +
i
4
[
ψγµ(
−→
∂ ν − igT aAaν)ψ
−ψ(←−∂ ν + igT aAaν)γµψ + ψγν(−→∂ µ − igT aAaµ)ψ
−ψ(←−∂ µ + igT aAaµ)γνψ
]
+ ∂µω
a(∂νω
a − gfabcAcνωb)
+∂νω
a(∂µω
a − gfabcAcµωb) . (2.2)
In the above equation, ξ is the gauge fixing parameter. We work in the Feynman gauge
in which the gauge parameter ξ = 1. We have displayed explicitly the ghost terms with
the ghost fields ωa(x) since they contribute to our one-loop virtual corrections to the
process under study. The presence of the ghost fields introduces two new vertices (see
Fig. 1).
1) graviton-ghost-ghost vertex
a, p1
b, p2
Gµν
a, p1
b, p2
Gµν
c, ρ, p3
Figure 1: Ghost vertices
Γµν(p1, p2) = −iκ
2
δabCµν,ρσ p
ρ
1 p
σ
2 , (2.3)
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2) graviton-ghost-ghost-gluon vertex
Γµν,ρ(p1, p2) =
κ
2
gfabcCµν,ρσ p
σ
2 , (2.4)
where
Cµν,ρσ = gµρgνσ + gµσgνρ − gµνgρσ . (2.5)
The µ, ν indices refer to the graviton. The momenta p1, p2 and the colour indices a, b
correspond to the incoming and outgoing ghosts respectively. Finally c, ρ, p3 indicate
the colour index, Lorentz index and momentum of the gluon. The other Feynman rules
are given in Ref. [3]. 2
2The only exceptions are the Feynman rules for the fermion-anti-fermion-gauge boson-graviton
vertex and the three gauge boson-graviton vertex which differ from those of Ref. [3] by an overall
sign.
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3 Invariant lepton pair mass distribution dσ/dQ2
We start by considering P1, P2 scattering to leptonic final states, say µ
+, µ−
P1(p1) + P2(p2)→ µ+(l1) + µ−(l2) +X(PX) , (3.1)
where p1, p2 are the momenta of incoming hadrons P1 and P2 respectively and µ
−, µ+
are the outgoing leptons which have the momenta l1, l2. The final inclusive hadronic
state is denoted by X and carries the momentum PX . In the QCD improved parton
model, the hadronic cross section can be expressed in terms of partonic cross sections
convoluted with appropriate parton distribution functions as follows
2S
dσP1P2
dQ2
(
τ, Q2
)
=
∑
ab=q,q,g
∫ 1
0
dx1
∫ 1
0
dx2 f
P1
a (x1) f
P2
b (x2)
×
∫ 1
0
dz 2sˆ
dσˆab
dQ2
(
z, Q2
)
δ(τ − zx1x2) . (3.2)
The scaling variables are defined by k1 = x1p1, k2 = x2p2 where k1, k2 are the momenta
of incoming partons.
(p1 + p2)
2 ≡ S, (k1 + k2)2 ≡ sˆ, (l1 + l2)2 = q.q ≡ Q2,
τ =
Q2
S
, z =
Q2
sˆ
, τ = x1x2z. (3.3)
The partonic cross section for the process a(k1)+ b(k2)→ j(−q)+
m∑
i
Xi(−pi) is given
by
2sˆ
dσˆab
dQ2
=
1
2pi
∑
jj′=γ,Z,G
∫
dPSm+1 |Mab→jj′|2 · Pj(q) · P ∗j′(q) · Ljj
′
→l+l−(q) . (3.4)
In the above equation, the sum over Lorentz indices between matrix element squared
and the propagators is implicit through a symbol “dot product”. The m + 1 body
phase space is defined as
∫
dPSm+1 =
∫ m∏
i
(
dnpi
(2pi)n
2piδ+(p2i )
)
dnq
(2pi)n
2piδ+(q2 −Q2)
×(2pi)nδ(n)(k1 + k2 + q +
m∑
i
pi) , (3.5)
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where n is the space-time dimension. The propagators are
Pγ(q) = − i
Q2
gµν ≡ gµνP˜γ(Q2) ,
PZ(q) = − i
(Q2 −M2Z − iMZΓZ)
gµν ≡ gµνP˜Z(Q2) (3.6)
PG(q) = D(Q2)Bµνλρ(q) ≡ Bµνλρ(q)P˜G(Q2) , (3.7)
where
Bµνρσ(q) = ηµρηνσ + ηµσηνρ − 2
n− 1ηµνηρσ ,
ηµν(q) = −gµν + qµqν
Q2
. (3.8)
The summation of the virtual KK modes in the time-like propagators [3] leads to
D(Q2) = Q
d−2Rd
Γ(d/2)(4pi)d/2
2 I
(
MS
Q
)
, (3.9)
where the integral I is regulated by an ultraviolet cutoff, presumably of the order of
MS [2, 3], which sets the limit on the applicability of the effective theory. For the DY
case under consideration this consistency would imply Q < MS . Further relating the
gravitational coupling, the volume of extra dimension and the cutoff scale [3]
κ2Rd = 8pi(4pi)d/2Γ(d/2)M
−(d+2)
S , (3.10)
we express the function D(Q2) as
D(Q2) = 16pi
(
Qd−2
κ2Md+2S
)
I
(
MS
Q
)
. (3.11)
The summation over the non-resonant KK modes yields
I(ω) = −
d/2−1∑
k=1
1
2k
ω2k − 1
2
log(ω2 − 1) , d = even , (3.12)
I(ω) = −
(d−1)/2∑
k=1
1
2k − 1ω
2k−1 +
1
2
log
(
ω + 1
ω − 1
)
, d = odd , (3.13)
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where ω = MS/Q. The leptonic tensor involves the computation of square of the
matrix element for the process γ/Z/G→ µ++µ− and the 2-body phase space integral
Ljj′→µ+µ−(q) =
∫ 2∏
i=1
(
dnli
(2pi)n
2piδ+(l2i )
)
(2pi)nδ(n)(q − l1 − l2)|M jj′→µ+µ− |2 .
(3.14)
The leptonic part is easy to compute. It is equal to
Ljj′→µ+µ−(q) = ηµν(q)Ljj′(Q2) , jj′ = {γγ, ZZ, γZ} ,
LGG→µ+µ−(q) = Bµνρσ(q)LG(Q2) , (3.15)
with
Lγγ(Q
2) = Q2
2α
3
, LγZ(Q
2) = −Q2 2αg
V
e
3cwsw
,
LZZ(Q
2) = Q2
2α
3c2ws
2
w
((
gVe
)2
+
(
gAe
)2 )
, LGG(Q
2) = Q4
κ2
640pi
, (3.16)
where α is the fine structure constant
cw = cos θW , sw = sin θW ,
gVa =
1
2
T 3a − s2wQa , gAa = −
1
2
T 3a , (3.17)
and Qa is the electric charge of quarks and leptons. Hence, we obtain
2S
dσP1P2
dQ2
(τ, Q2) =
1
2pi
∑
jj′=γ,Z,G
P˜j(Q
2) P˜ ∗j′(Q
2) Ljj′(Q
2) W P1P2jj′ (τ, Q
2) . (3.18)
The hadronic structure function is equal to
W P1P2jj′ (τ, Q
2) =
∑
ab,jj′
∫
dx1
∫
dx2 f
P1
a (x1) f
P2
b (x2)
×
∫
dz δ(τ − zx1x2)
∫
dPSm+1 |Mab→jj′|2 Tjj′(q) , (3.19)
with
Tjj′ = ηµν(q) , jj
′ = γγ, γZ, ZZ ,
TGG = Bµνρσ(q) . (3.20)
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q¯q
G
g
g
G
Figure 2: Born contributions:
The tensors ηµν(q) and Bµνρσ(q) are defined in Eq. (3.8). To compute the Q
2 distri-
bution of the di-lepton pairs, the matrix element squared |Mab→jj′|2 Tjj′(q) has to be
substituted in Eq.(3.19) provided the integrations over dPSm+1 and dz are performed
in a suitable frame. We define the bare partonic coefficient function ∆¯jj
′
ab (z, Q
2) as
∆¯jj
′
ab (z, Q
2) = Cjj′
∫
dPSm+1 |Mab→jj′|2 Tjj′(q) , (3.21)
where
Cjj′ =
1
e2
jj′ = γγ, ZZ, γZ,
=
1
Q2κ2
jj′ = GG. (3.22)
There are two classes of processes that contribute to the partonic cross section. The
first one has only a virtual photon or a Z boson whereas the second one only contains
a graviton in the intermediate state. Interestingly, the interference between first and
second class diagrams identically vanish when the phase space integration is performed.
In the case of the photon exchange process, it is easy to understand if we realise that
there is no third rank tensor, say Sµνρ which can be constructed out of gµν and qρ
(q.q 6= 0) (which are the only tensor and vector available in our problem) that satisfies
qµS
µνρ = 0 (as it should be for the theory where we have gravity coupled to a conserved
energy momentum tensor). We found a similar argument for the Levi-Civita tensor
which shows up in the case of the electro-weak vertices. Therefore also here there are
no interference terms. We could also verify this by explicit computation. At LO the
following process contribute when a photon or Z-boson appears in the intermediate
state
q + q¯ → γ∗/Z∗ . (3.23)
In the case the Graviton appears in the intermediate state, we have two processes at
LO (see Fig. 2)
q + q¯ → G∗ , g + g → G∗ . (3.24)
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In NLO for the photon or Z-boson we have the following 2→ 2 reactions [6, 7, 11]
q + q¯ → γ∗/Z∗ + q , q + q¯ → γ∗/Z∗ + one loop ,
q + g → γ∗/Z∗ + q , q¯ + g → γ∗/Z∗ + q¯ , (3.25)
and for the graviton we have (see Figs. 3-9)
q + q¯ → G+ q , q + q¯ → G + one loop ,
q + g → G+ q , q¯ + g → G+ q¯ ,
g + g → G+ g , g + g → G+ one loop . (3.26)
The cross sections beyond leading order involve the computation of one loop virtual
gluon corrections and real gluon bremsstrahlung contributions to leading order pro-
cesses. We also include processes with a gluon in the initial state. Since we are dealing
with energy momentum tensor coupled to gravity expressed in terms of renormalised
fields and masses, there is no overall ultraviolet renormalisation required. In other
words, the operator renormalisation constant for the energy momentum operator is
identical to unity to all orders in perturbation theory. But we encounter soft and
collinear divergences in our computation. We have used n-dimensional regularisation
to regulate both these divergences. To that order, we have defined n = 4 + ε where
n is the space-time dimension. With this procedure all divergences appear as 1/εα
where α = 1, 2. The soft divergences coming from virtual gluons and bremsstrahlung
contributions cancel exactly according to the Bloch-Nordsieck theorem. The remaining
collinear divergences are removed by mass factorisation which in our paper is performed
in MS scheme. The Drell-Yan coefficient function after mass factorisation, denoted
by ∆iab(z, Q
2, µ2F ), is computed by
∆¯iab(z, Q
2, 1/ε) =
∑
c,d
Γca(z, µ
2
F , 1/ε)⊗ Γdb(z, µ2F , 1/ε)⊗∆icd(z, Q2, µ2F ) , (3.27)
where ∆¯iab(z, Q
2, 1/ε) is the bare partonic coefficient function before mass factorisation
is carried out. Further we have dropped the double index jj′ because of the vanishing
q¯
q
G
q¯
q
G
Figure 3: Virtual corrections
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gg
G
g
g
G
Figure 4: Virtual corrections, gluon loops.
g
g
G
g
g
G
Figure 5: Virtual corrections, quark loops.
interference terms and replace it by the single index i instead. The factorisation scale
is given by µF and ⊗ is the convolution symbol defined as
f(z)⊗ g(z) =
∫ 1
z
dy
y
f(y) g
(
z
y
)
, (3.28)
and the kernel Γcd(z) in the MS scheme is given by
Γcd(z, µF ) = δcdδ(1− z) + as1
ε
Γ
(1)
cd (z, µF )
= δcdδ(1− z) + as1
ε
(
µ2F
µ2
)ε/2
P
(0)
cd (z) , (3.29)
g
g
G
g
g
G
Figure 6: Virtual corrections, ghost loops.
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q¯q
G
g
q¯
q
G
g
q¯
q
G
g
q¯
q
G
g
Figure 7: Real emission, q q¯ → g G.
where P
(0)
cd (z) are the leading order Altarelli-Parisi splitting functions [12],
∆iab = ∆
(0),i
ab + as∆
(1),i
ab . (3.30)
For convenience we define as as
as =
αs(µ
2
R)
4pi
. (3.31)
Expanding Eq. (3.27) up to order as, we find
∆¯
γ/Z
qq¯ = ∆
(0)γ/Z
qq¯ + as
2
ε
Γ(1)qq ⊗∆(0)γ/Zqq¯ + as∆(1)γ/Zqq¯ ,
∆¯γ/Zqg = as
1
ε
Γ(1)qg ⊗∆(0)γ/Zqq¯ + as∆(1)γ/Zqg ,
∆¯Gqq¯ = ∆
(0)G
qq¯ + as
2
ε
Γ(1)qq ⊗∆(0)Gqq¯ + as∆(1)Gqq¯ ,
∆¯Gqg = as
1
ε
(
Γ(1)qg ⊗∆(0)Gqq¯ + Γ(1)gq ⊗∆(0)Ggg
)
+ as∆
(1)G
qg ,
∆¯Ggg = ∆
(0)G
gg + as
2
ε
Γ(1)gg ⊗∆(0)Ggg + as∆(1)Ggg . (3.32)
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Gq
qg
q G
qg
qq
G
g
Gq
qg
Figure 8: Real emission, q g → q G.
From the above expressions one can compute the coefficient function ∆iab(z, Q
2, µF )
from the bare ∆
i
ab(z, Q
2, µF , 1/ε) and the known Altarelli-Parisi kernels P
(0)
ab . Finally
we have to fold these finite ∆iab(z, Q
2, µF ) with the appropriate partonic distribution
functions to arrive at the Q2 distribution for the DY pair. For completeness we present
the results below
2S
dσP1P2
dQ2
(τ, Q2) =
∑
q
FSM,q
∫ 1
0
dx1
∫ 1
0
dx2
∫ 1
0
dz δ(τ − zx1x2)
×
[
Hqq¯(x1, x2, µ
2
F )
(
∆
(0),γ/Z
qq¯ (z, Q
2, µ2F ) + as∆
(1),γ/Z
qq¯ (z, Q
2, µ2F )
)
+
(
Hqg(x1, x2, µ
2
F ) +Hgq(x1, x2, µ
2
F )
)
as∆
(1),γ/Z
qg (z, µ
2
F )
]
+
∑
q
FG
∫ 1
0
dx1
∫ 1
0
dx2
∫ 1
0
dz δ(τ − zx1x2)
×
[
Hqq¯(x1, x2, µ
2
F )
(
∆
(0),G
qq¯ (z, Q
2, µ2F ) + as∆
(1),G
qq¯ (z, Q
2, µ2F )
)
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gg
G
g
g
g
G
g
g
g
G
g
g
g
G
g
Figure 9: Real emission, g g → g G.
+
(
Hqg(x1, x2, µ
2
F ) +Hgq(x1, x2, µ
2
F )
)
as∆
(1),G
qg (z, Q
2, µ2F )
+Hgg(x1, x2, µ
2
F )
(
∆(0),Ggg (z, Q
2, µ2F ) + as∆
(1),G
gg (z, Q
2, µ2F )
)]
.
(3.33)
The constants FSM,q,FG are given by
FSM,q = 4α
2
3Q2
[
Q2q −
2Q2(Q2 −M2Z)
((Q2 −M2Z)2 +M2ZΓ2Z) c2ws2w
Qqg
V
e g
V
q
+
Q4
((Q2 −M2Z)2 +M2ZΓ2Z) c4ws4w
(
(gVe )
2 + (gAe )
2
)(
(gVq )
2 + (gAq )
2
)]
,
(3.34)
FG = κ
4Q6
320pi2
|D(Q2)|2 . (3.35)
The renormalised partonic distributions are
Hqq¯(x1, x2, µ
2
F ) = f
P1
q (x1, µ
2
F ) f
P2
q¯ (x2, µ
2
F ) + f
P1
q¯ (x1, µ
2
F ) f
P2
q (x2, µ
2
F ) ,
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Hgq(x1, x2, µ
2
F ) = f
P1
g (x1, µ
2
F )
(
fP2q (x2, µ
2
F ) + f
P2
q¯ (x2, µ
2
F )
)
,
Hqg(x1, x2, µ
2
F ) = Hgq(x2, x1, µ
2
F ) ,
Hgg(x1, x2, µ
2
F ) = f
P1
g (x1, µ
2
F ) f
P2
g (x2, µ
2
F ) . (3.36)
The LO coefficient functions are
∆
(0),γ/Z
qq¯ =
2pi
N
δ(1− z) ,
∆
(0),G
qq¯ =
pi
8N
δ(1− z) ,
∆(0),Ggg =
pi
2(N2 − 1)δ(1− z) , (3.37)
and the NLO results are given by
∆
(1)γ/Z
qq¯ =
(
2pi
N
)
4 CF
[(
− 4 + 2ζ(2)
)
δ(1− z) + 2 1
(1− z)+ ln
(
Q2
µ2F
)
+4
(
ln(1− z)
1− z
)
+
+
3
2
δ(1− z) ln
(
Q2
µ2F
)
− (1 + z) ln
(
Q2(1− z)2
µ2Fz
)
−2 ln(z)
1− z
]
,
∆
(1)γ/Z
q(q¯)g =
(
2pi
N
)
TF
[
2(1− 2z + 2z2) ln
(
Q2(1− z)2
µ2Fz
)
+ 1 + 6z − 7z2
]
,
∆
(1)G
qq¯ =
(
pi
8N
)
4CF
[(
− 5 + 2ζ(2)
)
δ(1− z) + 2 1
(1− z)+ ln
(
Q2
µ2F
)
+4
(
ln(1− z)
1− z
)
+
+
3
2
δ(1− z) ln
(
Q2
µ2F
)
− (1 + z) ln
(
Q2(1− z)2
µ2Fz
)
−2 ln(z)
1− z +
4
3z
− 4z
2
3
]
,
∆
(1)G
q(q¯)g =
(
pi
8N
)
TF
[
2(−7 + 8
z
+ 2z + 2z2) ln
(
Q2(1− z)2
µ2F z
)
15
+9− 12
z
+ 18z − 7z2
]
,
∆(1)Ggg =
(
pi
2(N2 − 1)
)
CA
[(
− 203
9
+ 8ζ(2)
)
δ(1− z) + 8 1
(1− z)+ ln
(
Q2
µ2F
)
+16
(
ln(1− z)
1− z
)
+
+
22
3
δ(1− z) ln
(
Q2
µ2F
)
+ 8(−2 + 1
z
+ z − z2)
× ln
(
Q2(1− z)2
µ2Fz
)
− 8 ln(z)
(1− z) − 2−
22
3z
+ 2z +
22z2
3
]
+
(
pi
2(N2 − 1)
)
nfTF
[(
70
9
− 8
3
ln
(
Q2
µ2F
))
δ(1− z)
]
. (3.38)
For SU(N) the colour factors in the above equations are
CF =
N2 − 1
2N
, CA = N, TF = 1/2 , (3.39)
and nf is the number of flavours. The ”plus” functions appearing in the above results
are the distributions which satisfy the following equation
f+(z) =
(
lni(1− z)
1− z
)
+
, f(z) =
(
lni(1− z)
1− z
)
,
∫ 1
0
dz f+(z) g(z) =
∫ 1
0
dz f(z)
(
g(z)− g(1)
)
, (3.40)
where g(z) is any well behaved function in the region 0 ≤ z ≤ 1.
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4 Differential cross section with respect to xF
In this section we compute the xF -distribution of the di-muon pair up to NLO in QCD
with the γ, Z and the graviton in the intermediate state. The NLO corrections to
processes containing an intermediate photon were already calculated in [6], [13]-[16].
The variable xF is defined as
xF =
2(p1 − p2) · q
S
, (4.1)
where p1, p2 are the momenta of incoming hadrons and q is the sum of final state muon
momenta, q = l1 + l2. In the CM frame of the hadrons (CMH)
xF =
2q3CMH√
S
, (4.2)
where q3CMH is the third component of q in the CM frame of Hadrons. The hadronic
xF distribution can be obtained by introducing the identity∫
dxF δ
(
xF − 2(p1 − p2) · q
S
)
= 1 , (4.3)
in Eq.(3.2) and bringing the measure dxF to the left. Hence we find
2S
dσP1P2
dQ2dxF
(τ, xF , Q
2) =
1
2pi
∑
jj′=γ,Z,G
P˜j(Q
2) P˜ ∗j′(Q
2) Ljj′(Q
2)
dW P1P2jj′
dxF
(τ, xF , Q
2) .
(4.4)
The hadronic structure function is defined as
dW P1P2jj′
dxF
(τ, xF , Q
2) =
∑
ab,jj′
∫
dx1
∫
dx2 f
P1
a (x1) f
P2
b (x2)
×
∫
dz
∫
dPSm+1 |Mab→jj′|2 Tjj′(q) δ(τ − zx1x2)
×δ
(
xF − 2(p1 − p2) · q
S
)
. (4.5)
We start by computing the Born contribution. This involves the computation of the
matrix element squared for process a(k1) + b(k2) → jj′(−q) and the (0 + 1)-body
phase space integration as well as the dz integration. The (0 + 1)-body phase space is
computed using Eq. (3.5) and one finds∫
dPS0+1 =
2pi
Q2
δ(z − 1) . (4.6)
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To compute the Born process a(k1)+ b(k2)→ jj′(−q), we choose the following param-
eterisation for the momenta
k1 =
√
sˆ
2
(1, 0, · · ·, 0, 1) , k2 =
√
sˆ
2
(1, 0, · · ·, 0,−1) , −q =
√
sˆ(1, 0, · · ·, 0, 0) . (4.7)
Subsequently we express the partonic momenta in terms of the hadronic momenta
using the scaling variables x1, x2 as k1 = x1p1, k2 = x2p2
∫
dPS0+1
∫
dzδ
(
xF − 2(p1 − p2) · q
S
)
δ(τ − zx1x2) = 2pi
Q2
∫
dzδ(xF − x1 + x2)
×δ(z − 1)δ(τ − zx1x2) .
(4.8)
We choose to work with the variables x01, x
0
2 which are defined through
xF ≡ x01 − x02 , τ ≡ x01x02 . (4.9)
Solving the above equations, we find
x01 =
1
2
(xF +
√
x2F + 4τ) , x
0
2 =
1
2
(−xF +
√
x2F + 4τ ) . (4.10)
After rewriting the arguments of the delta functions in terms of the variables x01, x
0
2,
and performing the z integration using δ(τ − zx1x2), we arrive at a simple looking
expression for Eq. (4.8) as
2pi
Q2
∫
dzδ(z − 1)δ(xF − x1 + x2)δ(τ − zx1x2)|Mab→jj′|2 · Tjj′ =
2pi
Q2
δ(x1 − x01)δ(x2 − x02)
x01 + x
0
2
|Mab→jj′|2 · Tjj′|z=1 . (4.11)
Finally, the Born matrix element squared
|Mab→jj′|2 · Tjj′ , (4.12)
is computed using the parameterisations given in Eq. (4.7). It is then substituted in
Eq. (4.5) to arrive at the leading order xF distribution. Our next task is to compute
the next to leading order contributions to the Born xF distribution. This involves
the computation of the matrix element squared for the processes a(k1) + b(k2) →
jj′(−q)+c(−k) and 1+1 phase space integration. Since the integral on the right hand
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side of Eq. (4.4) is Lorentz invariant, we can work in the CM frame of the incoming
partons. In this frame the momenta of the particles are parametrised as
k1 =
√
sˆ
2
(1, 0, · · ·, 0, 1) , k2 =
√
sˆ
2
(1, 0, · · ·, 0,−1) ,
−q =
√
sˆ
2
(1 + z, 0, · · ·,−(1− z) sin θ,−(1− z) cos θ) ,
−k =
√
sˆ
2
(1− z, 0, · · ·, (1− z) sin θ, (1− z) cos θ) . (4.13)
In this frame, the 1 + 1 phase space becomes
∫
dPS1+1 =
1
8pi
(
Q2
4pi
)ε/2
1
Γ (1 + ε/2)
z−ε/2(1− z)1+ε
∫ 1
0
dy (y(1− y))ε/2 , (4.14)
where y is related to cos θ by cos θ = 2y − 1. The xF delta function becomes
δ
(
xF − 2(p1 − p2) · q
S
)
= δ (xF − x1 + zx2 + y(1− z)(x1 + x2)) . (4.15)
We can perform y as well as z integrations by writing the delta functions in terms of
the variables x01, x
0
2 as
δ (xF − x1 + zx2 + y(1− z)(x1 + x2)) = x1x2
(x1 + x2)(x1x2 − x01x02)
δ (y − y∗) ,
δ(τ − zx1x2) = 1
x1x2
δ (z − z∗) , (4.16)
where
y∗ =
x2(x1 − x01)(x1 + x02)
(x1x2 − x01x02)(x1 + x2)
, z∗ =
x01x
0
2
x1x2
. (4.17)
In other words∫
dPS1+1
∫
dzδ(τ − zx1x2)δ
(
xF − 2(p1 − p2) · q
S
)
|Mab→jj′|2 · Tjj′ =
1
8pi
(
Q2
4pi
)ε/2
1
Γ (1 + ε/2)
(x01x
0
2)
−
ε
2 (x1 + x2)
−ε
x1x2(x1 + x2)
×
(
(x1 − x01)(x1 + x02)(x2 − x02)(x2 + x01)
)ε/2 |Mab→jj′|2 · Tjj′|y=y∗,z=z∗ .
(4.18)
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Notice that the matrix elements |Mab→jj′|2 · Tjj′ are evaluated for y and z given by
the delta function constraints given in Eq. (4.16) and Eq. (4.17). To this order, one
has to include the virtual corrections to the Born processes as well. We use the same
formula given in Eq. (4.6) with the one loop corrected matrix elements. The sum of
real emission contributions and the one loop corrections to the Born processes is free
of the soft singularities as expected. Therefore the result contains only the collinear
divergences which can be removed by the standard mass factorisation. This is done by
redefining the parton densities using the Altarelli-Parisi kernels as follows
fPa (z) =
∑
b
Γ−1ab ⊗ fPb (z, µ2F ) , (4.19)
which implies
fPq (z) = f
P
q (z, µ
2
F )− as
1
ε
Γ(1)qq ⊗ fPq (z, µ2F )− as
1
ε
Γ(1)qg ⊗ fPg (z, µ2F ) ,
fPq¯ (z) = f
P
q¯ (z, µ
2
F )− as
1
ε
Γ
(1)
q¯q¯ ⊗ fPq¯ (z, µ2F )− as
1
ε
Γ
(1)
q¯g ⊗ fPg (z, µ2F ) ,
fPg (z) = f
P
g (z, µ
2
F )− as
1
ε
nf
(
Γ(1)gq ⊗ fPq (z, µ2F ) + Γ(1)gq¯ ⊗ fPq¯ (z, µ2F )
)
−as1
ε
Γ(1)gg ⊗ fPg (z, µ2F ) . (4.20)
Finally we arrive at
2S
dσP1P2
dQ2dxF
(τ, xF , Q
2) =
∑
i=q
FSM,q
(
CSMqq (x
0
1, x
0
2, µ
2
F ) + C
SM
qg (x
0
1, x
0
2, µ
2
F ) + C
SM
gq (x
0
1, x
0
2, µ
2
F )
)
+
∑
i=q
FG
(
CGqq(x
0
1, x
0
2, µ
2
F ) + C
G
qg(x
0
1, x
0
2, µ
2
F ) + C
G
gq(x
0
1, x
0
2, µ
2
F )
)
+FG CGgg(x01, x02, µ2F ) , (4.21)
where
CSMab (x
0
1, x
0
2, µ
2
F ) = C
SM,(0)
ab (x
0
1, x
0
2, µ
2
F ) + as C
SM,(1)
ab (x
0
1, x
0
2, µ
2
F ) ,
CGab(x
0
1, x
0
2, µ
2
F ) = C
G,(0)
ab (x
0
1, x
0
2, µ
2
F ) + as C
G,(1)
ab (x
0
1, x
0
2, µ
2
F ) . (4.22)
We have presented C
SM,(0)
ab , C
SM,(1)
ab , C
G,(0)
ab and C
G,(1)
ab in appendix A.
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5 Differential cross section with respect to Y
In this section we compute the rapidity distribution of di-lepton pair up to NLO in QCD
with γ, Z and graviton in the intermediate state. The NLO corrections to processes
containing an intermediate photon were already calculated in [6], [13]-[16]. We define
Y as
Y =
1
2
log
(
p2 · q
p1 · q
)
. (5.1)
In the CM frame of the hadron (CMH), this is nothing but
Y =
1
2
log
(
q0CMH − q3CMH
q0CMH + q
3
CMH
)
. (5.2)
With this definition the distribution in Y can be computed by introducing the identity
∫
dY δ
(
Y − 1
2
log
(
p2 · q
p1 · q
))
= 1 , (5.3)
in Eq. (3.2) and bringing the measure dY to the left. Hence we find
2S
dσP1P2
dQ2dY
(τ, Y,Q2) =
1
2pi
∑
jj′=γ,Z,G
P˜j(Q
2) P˜ ∗j′(Q
2) Ljj′(Q
2)
dW P1P2jj′
dY
(τ, Y,Q2) .(5.4)
The hadronic structure function equals
dW P1P2jj′
dY
(τ, Y,Q2) =
∑
ab,jj′
∫
dx1
∫
dx2 f
P1
a (x1) f
P2
b (x2)
×
∫
dz
∫
dPSm+1 |Mab→jj′|2 Tjj′(q) δ(τ − zx1x2)
×δ
(
Y − 1
2
log
(
p2 · q
p1 · q
))
. (5.5)
We first compute the matrix element squared for a+ b→ jj′ and then substitute this
in Eq. (5.4). Then we perform the (0 + 1)-body phase space integration as well as z
integration. We follow the same steps as for the xF distribution. Using Eq. (4.6) for
the (0 + 1)-body phase space and performing z integration, we obtain
∫
dPS0+1
∫
dzδ
(
Y − 1
2
log
(
p2 · q
p1 · q
))
δ(τ − zx1x2) = 2pi
Q2
∫
dzδ
(
Y − 1
2
log
(
x1
x2
))
×δ(z − 1)δ(τ − zx1x2) . (5.6)
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Instead of working with the variables Y, τ , we choose to work with x01, x
0
2 which are
defined as
Y =
1
2
log
(
x01
x02
)
, τ = x01x
0
2 . (5.7)
Solving the above equations, we obtain
x01 =
√
τeY , x02 =
√
τe−Y . (5.8)
We can perform the z integration in Eq. (5.6) using δ(τ − zx1x2) after rewriting the
remaining delta functions in terms of the variables x01, x
0
2. We then get
2pi
Q2
∫
dzδ(z − 1)δ
(
Y − 1
2
log
(
x1
x2
))
δ(τ − zx1x2)|Mab→jj′|2 Tjj′ =
2pi
Q2
δ(x1 − x01)δ(x2 − x02)|Mab→jj
′|2 Tjj′|z=1 . (5.9)
Next we evaluate the NLO correction to the Born processes. This involves the compu-
tation of 1 + 1 phase space for the process a(k1) + b(k2)→ jj′(−q) + c(−k). Since the
integral on the right hand side of Eq. (5.5) is Lorentz invariant, we can work in the
CM frame of the incoming partons. We follow again the derivation of xF distribution.
The Y delta function in this frame becomes
δ
(
Y − 1
2
log
(
p2 · q
p1 · q
))
= δ
(
Y − 1
2
log
(
x1(1− y(1− z))
x2(z + y(1− z))
))
. (5.10)
The two delta functions reduce to
δ
(
Y − 1
2
log
(
x1(1− y(1− z))
x2(z + y(1− z))
))
=
2x1x2x
0
1x
0
2(x1x2 + x
0
1x
0
2)
(x1x2 − x01x02)(x1x02 + x01x2)2
δ (y − y∗) ,
δ(τ − zx1x2) = 1
x1x2
δ (z − z∗) , (5.11)
where
y∗ =
x2x
0
2(x1 + x
0
1)(x1 − x01)
(x1x02 + x2x
0
1)(x1x2 − x01x02)
, z∗ =
x01x
0
2
x1x2
. (5.12)
Using Eqs. (5.11) and (5.12) we arrive at∫
dPS1+1
∫
dz δ(τ − zx1x2) δ
(
Y − 1
2
log
(
p2 · q
p1 · q
))
|Mab→jj′|2 Tjj′ =
1
8pi
(
Q2
4pi
)ε/2
1
Γ (1 + ε/2)
2x01x
0
2(x1x2 + x
0
1x
0
2)
x1x2(x1x02 + x2x
0
1)
2
(x1x
0
2 + x
0
1x2)
−ε
(
(x1 − x01)(x1 + x01)(x2 − x02)(x2 + x02)
)ε/2 |Mab→jj′|2 Tjj′|y=y∗,z=z∗ .(5.13)
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We substitute Eq. (5.13) in Eq. (5.5) to obtain the real emission contributions to the
Y distribution. The virtual corrections to the Born processes can be obtained using
Eq. (4.6) with the one loop corrected matrix elements. After adding the real emission
contributions and virtual corrections to the Born processes, all soft singularities can-
cel. The remaining collinear divergences are removed by mass factorisation using Eq.
(4.20). Finally we arrive at the finite results for the Y distribution
2S
dσP1P2
dQ2dY
(τ, Y,Q2) =
∑
i=q
FSM,q
(
DSMqq (x
0
1, x
0
2, µ
2
F ) +D
SM
qg (x
0
1, x
0
2, µ
2
F )
+DSMgq (x
0
1, x
0
2, µ
2
F )
)
+
∑
i=q
FG
(
DGqq(x
0
1, x
0
2, µ
2
F )
+DGqg(x
0
1, x
0
2, µ
2
F ) +D
G
gq(x
0
1, x
0
2, µ
2
F )
)
+FG DGgg(x01, x02, µ2F ) , (5.14)
where
DSMab (x
0
1, x
0
2, µ
2
F ) = D
SM,(0)
ab (x
0
1, x
0
2, µ
2
F ) + as D
SM,(1)
ab (x
0
1, x
0
2, µ
2
F ) ,
DGab(x
0
1, x
0
2, µ
2
F ) = D
G,(0)
ab (x
0
1, x
0
2, µ
2
F ) + as D
G,(1)
ab (x
0
1, x
0
2, µ
2
F ) . (5.15)
We have presented D
SM,(0)
ab , D
SM,(1)
ab D
G,(0)
ab and D
G,(1)
ab in appendix B.
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6 Forward Backward asymmetry AFB
In this section, we compute the forward backward asymmetry of the di-lepton pair.
The NLO correction to AFB in the SM were calculated in [19]. The forward backward
asymmetry is computed using the distribution define by
2S
dδσP1P2
dQ2
(
τ, Q2
)
=
(∫ 1
0
−
∫ 0
−1
)
d cos θ∗ 2S
dσP1P2
dQ2d cos θ∗
(
τ, Q2, cos θ∗
)
, (6.1)
where cos θ∗ is the angle between the final state lepton (say l1) momentum and the
initial state hadron (say p1) momentum in the CM frame of the lepton pair. In general
it can be written as
cos θ∗ =
p1 · (l1 − l2)
p1 · (l1 + l2) , (6.2)
The computation of the above distribution is quite similar to that of dσ/dQ2. In the
QCD improved parton model, we find
2S
dσP1P2
dQ2d cos θ∗
(
τ, Q2
)
=
∑
ab=q,q,g
∫ 1
0
dx1
∫ 1
0
dx2 f
P1
a (x1) f
P2
b (x2)
×
∫ 1
0
dz 2sˆ
dσˆab
dQ2d cos θ∗
(
z, Q2
)
δ(τ − zx1x2) . (6.3)
We compute the partonic cross section using
2sˆ
dσˆab
dQ2d cos θ∗
=
1
2pi
∑
jj′=γ,Z,G
∫
dPSm+1 |Mab→jj′|2 · Pj(q) · P ∗j′(q) ·
Ljj′→l+l−(q, cos θ∗) , (6.4)
where Ljj′→l+l−(q, cos θ∗) can be computed using
Ljj′→µ+µ−(q, cos θ∗) =
∫ 2∏
i=1
(
dnli
(2pi)n
2piδ+(l2i )
)
(2pi)nδ(n)(q − l1 − l2)
×δ
(
cos θ∗ − p1 · (l1 − l2)
p1 · (l1 + l2)
)
|M jj′→µ+µ−|2 . (6.5)
The computation of the leptonic part using the above formula is straight forward. The
hadronic part again involves the computation of various processes that contribute to
Q distribution. Since we are looking at the angular distributions which are ”odd” in
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cos θ∗, the contributions come mainly from interferences. The non-vanishing contri-
bution in the standard model sector comes from the interference of photon mediated
processes with Z-boson mediated processes. We also find that non-vanishing con-
tributions come from the interference of standard model diagrams with the graviton
exchange diagrams. These inference diagrams are absent in the computation of Q,XF
and rapidity distributions because they are odd in cos θ∗. We have regularised all the
divergences using dimensional regularisation. The remaining mass singularities are
removed by the mass factorisation. To the end, we find
2S
dδσP1P2
dQ2
(τ, Q2) =
∑
q
δFSM,q
∫ 1
0
dx1
∫ 1
0
dx2
∫ 1
0
dz δ(τ − zx1x2)
×
[
δHqq¯(x1, x2, µ
2
F )
(
δ∆
(0),γZ
qq¯ (z, Q
2, µ2F ) + asδ∆
(1),γZ
qq¯ (z, Q
2, µ2F )
)
+δHqg(x1, x2, µ
2
F )
(
asδ∆
(1),γZ
qg (z, µ
2
F )
)
+δHgq(x1, x2, µ
2
F )
(
asδ∆
(1),γZ
gq (z, µ
2
F )
)]
+
∑
q
δFG
∫ 1
0
dx1
∫ 1
0
dx2
∫ 1
0
dz δ(τ − zx1x2)
×
[
δHqq¯(x1, x2, µ
2
F )
(
δ∆
(0),G
qq¯ (z, Q
2, µ2F ) + asδ∆
(1),G
qq¯ (z, Q
2, µ2F )
)
+δHqg(x1, x2, µ
2
F )
(
asδ∆
(1),G
qg (z, µ
2
F )
)
+δHgq(x1, x2, µ
2
F )
)(
asδ∆
(1),G
gq (z, µ
2
F )
)]
. (6.6)
The constants δFSM,q, δFG are given by
δFSM,q = 2α2
[
(Q2 −M2Z)
((Q2 −M2Z)2 +M2ZΓ2Z) c2ws2w
QqQeg
A
q g
A
e
+
2Q2
((Q2 −M2Z)2 +M2ZΓ2Z) c4ws4w
gVq g
V
e g
A
q g
A
e
]
, (6.7)
δFG = ακ
2Q2
4pi
|D(Q2)|
[
QqQe +
Q2(Q2 −M2Z)
((Q2 −M2Z)2 +M2ZΓ2Z) c2ws2w
gVq g
V
e
]
. (6.8)
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The renormalised incoming partonic fluxes are defined by
δHqq¯(x1, x2, µ
2
F ) = f
P1
q (x1, µ
2
F ) f
P2
q¯ (x2, µ
2
F )− fP1q¯ (x1, µ2F ) fP2q (x2, µ2F ) ,
δHgq(x1, x2, µ
2
F ) = f
P1
g (x1, µ
2
F )
(
fP2q (x2, µ
2
F )− fP2q¯ (x2, µ2F )
)
,
δHqg(x1, x2, µ
2
F ) = δHgq(x2, x1, µ
2
F ) . (6.9)
The LO coefficient functions corresponding to Eq. (6.6) are
δ∆
(0),γZ
qq¯ =
2pi
N
δ(1− z) ,
δ∆
(0),G
qq¯ =
pi
8N
δ(1− z) . (6.10)
The NLO contributions are given by
δ∆
(1)γZ
qq¯ = ∆
(1)γ/Z
qq¯ +
2pi
N
CF
[
4(1 + z) ln(z) + 4(1− z)
]
,
δ∆(1)γZqg = ∆
(1)γ/Z
qg +
2pi
N
Tf
[
4(1− z) ln(z)
]
,
δ∆(1)γZgq = −∆(1)γ/Zgq +
2pi
N
Tf
[
8z2 ln(z) + 2(1 + 2z − 3z2)
]
,
δ∆
(1)G
qq¯ =
1
16
∆
(1)G
qq¯ +
pi
8N
CF
[
− 4(1 + z) ln(z)− 2δ(1− z)
]
,
δ∆(1)Gqg =
1
16
∆(1)Gqg +
pi
8N
Tf
[
− 4(1− 2z) ln(z) + 4(1− z)
]
,
δ∆(1)Ggq = −
1
16
∆(1)Ggq +
pi
8N
Tf
[
8(2− z + z2) ln(z) + 2(1 + 2z − 3z2)
]
. (6.11)
The coefficient functions ∆
(1),i
ab with i = γ, Z,G correspond to the ones found in the
cross section for the invariant lepton pair distribution Eq. (3.33). They can be found
in Eq. (3.38). The forward backward asymmetry is defined by
AFB =
[
2S
dσP1P2
dQ2
(
τ, Q2
) ]−1
2S
dδσP1P2
dQ2
(
τ, Q2
)
. (6.12)
The impact of the NLO correction is discussed in the next section.
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7 Discussions
In this section, the effect of the NLO QCD corrections on various distributions such
as the invariant mass Q, the longitudinal moment fraction xF and the rapidity Y of
the lepton pair are presented. We have chosen to present these distributions for the
LHC (
√
S = 14 TeV) and for the Run II of Tevatron (
√
S = 1.96 TeV). We want to
emphasise that we are not analysing the existing Tevatron data to extract bounds on
MS, which will require doing a full hadron-level simulation, but are only interested in
gauging the impact of the QCD corrections on the bound.
The standard model parameters which enter our analysis are α = 1/137.03604,
MZ = 91.1876 GeV, ΓZ = 2.4952 GeV and sin
2 θW = 0.227. For the ADD model
parameters, we choose MS = 1.5(2) TeV and d = 2(3) for the Tevatron (LHC) re-
spectively. For the parton density sets we adopt in leading order MRST 2001 LO
(Λ = 0.1670 GeV) and in next-to-leading order the MRST 2001 NLO (Λ = 0.2390
GeV) [17]. For LHC and the Tevatron we choose the range 150 GeV < Q < 1100 GeV.
Further we have for the LHC the ranges −0.7 < xF < 0.7 and −2.7 < Y < 2.7 at
Q = 700 GeV. A similar analysis is performed for the Tevatron. Here we choose for
the xF and Y distributions the regions −0.7 < xF < 0.7 and −0.9 < Y < 0.9 at
Q = 400 GeV respectively. The renormalisation scale µR and factorisation scale µF
are taken to be equal. Finally the factorisation scale µF is chosen to be µF = Q unless
mentioned otherwise.
Let us first study the invariant lepton pair mass distributions
dσI(Q)
dQ
, (7.1)
for I = SM (standard model) and I = GR (gravity) and the sum of both mechanisms
SM +GR.
Starting our discussion with the LHC we have plotted the distribution in Eq. (7.1)
for 150 GeV < Q < 1100 GeV in Fig. 10a. The standard model dominates the cross
section forQ < 600 GeV but forQ > 600 GeV the graviton mediated process takes over
and overwhelms the standard model result. The dominance of the graviton becomes
very clear in the longitudinal momentum fraction cross section Fig. 10b
dσI(Q, xF )
dQ dxF
∣∣∣∣∣
Q=700 GeV
, (7.2)
and the rapidity distribution in Fig. 10c.
dσI(Q, Y )
dQ dY
∣∣∣∣∣
Q=700 GeV
. (7.3)
In a large invariant mass bin like Q = 700 GeV, the effect of the graviton is clearly
discernible in both the xF and Y distributions especially for the central xF and Y
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regions. At large absolute values for both variables the cross section for the graviton
mediated processes is again smaller than the standard model result.
In Fig. 11a we have studied the K-factor for the invariant lepton pair mass distri-
bution defined by
KI =
[
dσILO(Q)
dQ
]
−1[
dσINLO(Q)
dQ
]
, (7.4)
where NLO stands for the next-to-leading order corrected cross section. A similar
definitions exist for the longitudinal momentum fraction in Fig. 11b
KI =
[
dσILO(Q, xF )
dQ dxF
]
−1[
dσINLO(Q, xF )
dQ dxF
]∣∣∣∣∣
Q=700 GeV
, (7.5)
and the rapidity in Fig. 11c
KI =
[
dσILO(Q, Y )
dQ dY
]
−1[
dσINLO(Q, Y )
dQ dY
]∣∣∣∣∣
Q=700 GeV
. (7.6)
Such a definition is useful for Q, xF and Y distributions because there is no interference
between the standard model and the graviton mediated processes. We find thatKSM is
moderate for all values ofQ in Fig. 11a. On the other handKGR is much larger than the
standard model value for KSM . In particular for Q > 700 GeV, KGR overwhelms the
standard model result KSM completely so that the whole KSM+GR can be attributed
to KGR. This is because the graviton mediated processes show up already at the
Born level (see Eq. (3.35)) and at the LHC the gluon flux is quite large which lead
in NLO to big effects mainly due to small x terms in the coefficient function ∆(1)Ggg
(Eq. (3.38)). These effects are also visible in Fig. 11b for the xF and in Fig. 11c for
the Y -distributions. If the choice of parameters MS = 2 TeV and d = 3 is reasonable
then for Q > 700 GeV the effect of the graviton will be observed in view of the cross
section which amounts to about 10−3 pico barn.
In Fig. 12a, Fig. 12b, and Fig. 12c, we have plotted the scale variations of the
various distributions for both LO and NLO cross sections. For this we define RI for
the invariant lepton mass distribution in Fig. 12a as
RILO =
[
dσILO(Q, µ = µ0)
dQ
]
−1[
dσILO(Q, µ)
dQ
]∣∣∣∣∣
Q=700 GeV
, (7.7)
RINLO =
[
dσINLO(Q, µ = µ0)
dQ
]
−1[
dσINLO(Q, µ)
dQ
]∣∣∣∣∣
Q=700 GeV
, (7.8)
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where µ0 is a fixed scale which is chosen to be µ0 = Q. For the longitudinal fraction
of the lepton pair we have in Fig. 12b
RILO =
[
dσILO(Q, xF , µ = µ0)
dQ dxF
]
−1[
dσILO(Q, xF , µ)
dQ dxF
]∣∣∣∣∣
Q=700 GeV,xF=0
, (7.9)
RINLO =
[
dσINLO(Q, xF , µ = µ0)
dQ dxF
]
−1[
dσINLO(Q, xF , µ)
dQ dxF
]∣∣∣∣∣
Q=700 GeV,xF=0
. (7.10)
Finally we have plotted the scale variation for the rapidity in Fig. 12c
RILO =
[
dσILO(Q, Y, µ = µ0)
dQdY
]
−1[
dσILO(Q, µ)
dQdY
]∣∣∣∣∣
Q=700 GeV,Y=0
, (7.11)
RINLO =
[
dσINLO(Q, Y, µ = µ0)
dQdY
]
−1[
dσINLO(Q, µ)
dQdY
]∣∣∣∣∣
Q=700 GeV,Y=0
. (7.12)
In Fig. 12a we observe that for the invariant lepton mass distribution the scale variation
is appreciably reduced for µ < µ0 while going from LO to NLO. For µ > µ0 the same
is happening but here the effect is not very big. However the inclusion of the standard
model into gravity makes the situation better in particular for µ < µ0. This holds
for LO as well for NLO. Apparently the gluon initiated processes in the case of the
gravity show a larger scale variation than occurs in the case of the standard model.
If we look at Eq. (7.9,7.10) plotted in Fig. 12b the features are the same. There is
an improvement in scale variation while going form LO to NLO. The same holds for
Eq. (7.11, 7.12) plotted in Fig. 12c.
Now we turn our attention to the Tevatron. In Fig. 13a we show the result for
the invariant mass distribution of the lepton pair. Here the graviton mediated process
becomes larger than the standard model result atQ > 700 GeV. In the xF -distributions
(Fig. 13b) and the Y -distributions (Fig. 13c) the gravity effects are small. The picture
for the K-factor differs from the one observed at the LHC. In Fig. 14a the K-factor
for the graviton is larger than the standard model result at Q < 600 GeV. However
the value for the cross section is smaller than that of the standard model. Therefore
KSM is close to KSM+GR. At larger values for Q the cross section for the graviton
is larger than the standard model result but KGR < KSM so that also here KSM is
close to KSM+GR. The last feature is different from that observed for the LHC in
Fig. 11a where KSM+GR >> KSM . This is because the gluon flux does not dominate
the processes at the Tevatron quite contrary to what is observed for the LHC. For
the xF in Fig. 14b and Y -distributions in Fig. 14c which are taken at Q = 400 GeV,
the KSM is close to KSM+GR. Finally we look at the scale variation in Fig. 15a. For
µ < µ0 there is a better improvement when we go from LO to NLO than that observed
29
for the LHC. On the other hand the difference between the graviton mediated process
and the graviton plus the standard model becomes less. Also this is an indication that
the gluon flux is less important for the Tevatron than for the LHC. The same feature
is observed at Q = 400 GeV for the xF distribution in Fig. 15b and the Y -distribution
in Fig. 15c. Because the full K-factor does not differ very much from KSM , it may
appear that it is sufficient to use the SM K-factor in extracting bounds on MS at the
Tevatron. Indeed, existing bounds on MS from the dilepton production process at the
Tevatron [18] are obtained using a constant K-factor of 1.3. These bounds range from
1.4 to 1 TeV for d=2 to d=6. While the inclusion of the NLO corrections computed
here may not change the Tevatron bounds significantly, it will certainly stabilise the
cross-section with respect to scale variations. It is for this reason that the inclusion of
the NLO corrections becomes important even for the Tevatron.
Finally we consider the forward backward asymmetry defined by
AFB =
[
2S
dσP1P2
dQ2
(
τ, Q2
) ]−1
2S
dδσP1P2
dQ2
(
τ, Q2
)
. (7.13)
This asymmetry is a result of the interferences of the parity violating structure of Z
exchange with the photon [19] and with the graviton initiated process. The dominant
contribution to AFB comes from the qq¯ subprocess and hence is important at the
Tevatron. At LHC for the definition of scattering angle (Eq. 6.2) the AFB will be
negligible [19] since the LO contribution vanishes. For the Tevatron the plots are made
in Fig. 16 for the parameters d = 2 andMS = 1.5 TeV in the region 20 GeV < Q < 800
GeV. Here we have plotted AFB for the SM and the SM+GR at NLO. The effects of
extra dimensions show up at Q > 300 GeV. In this region the graviton contribution is
slightly larger than the SM where the latter shows a constant behaviour.
In summary, we have computed the cross sections dσ/dQ, d2σ/dQdxF , d
2σ/dQdY
and the forward backward asymmetry AFB up to next to leading order. The standard
model result was already given 25 years ago but now we also included all subprocesses
due to the graviton in the context of TeV-scale gravity models. Our main conclusion
is that the NLO QCD corrections are very significant at the LHC because of the large
incident gluon flux at the LHC. At the Tevatron where the gluon flux is small, the
NLO effects are also quite small. But, significantly, at both colliders inclusion of the
NLO QCD corrections help stabilise the cross-section with respect to scale variations.
The extraction of bounds from both colliders will, therefore, require the inclusion of
these NLO corrections.
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Appendix A
Here we present the xF -distributions which were too long to be published in section 4.
The Born contributions (LO) to the coefficient functions are
C
SM,(0)
qq (x
0
1, x
0
2) =
2pi
N
Hqq(x
0
1, x
0
2, µ
2
F )
x01 + x
0
2
,
C
G,(0)
qq (x
0
1, x
0
2) =
pi
8N
Hqq(x
0
1, x
0
2, µ
2
F )
x01 + x
0
2
,
CG,(0)gg (x
0
1, x
0
2) =
pi
2(N2 − 1)
Hgg(x
0
1, x
0
2, µ
2
F )
x01 + x
0
2
. (A.1)
For the NLO corrections we start with processes with a photon or Z-boson in the
intermediate state. The corrections are given by [6], [13]-[16]
C
SM,(1)
qq (x
0
1, x
0
2) =
2pi
N
CF
{ ∫
dx1
Hqq(x1, x
0
2, µ
2
F )
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1
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0
1
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− 2
x1
)
La1
+
4
(x1 − x01)
Lc1
]
+
∫
dx1
Hqq,1(x1, x
0
2, µ
2
F )
(x1 − x01)(x01 + x02)
[
4 Lb1
]
+
∫
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∫
dx2
Hqq,1(x1, x2, µ
2
F )
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+
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[(
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log
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0
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2
+ x01x
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}
, (A.2)
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(A.3)
CSM,(1)gq (x
0
1, x
0
2) = C
SM,(1)
qg (x
0
1, x
0
2)|1↔2 . (A.4)
We have introduced the following abbreviations
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. (A.6)
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The La2, Lb2 and Lc2 can be obtained from La1 , Lb1 and Lc1 by using 1↔ 2 symmetry.
The NLO corrections with a graviton in the intermediate state are given by
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Appendix B
Here we present the Y -distributions which were too long to be published in section 5.
The Born contributions (LO) to the coefficient functions are
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For the NLO corrections we start with processes with a photon or Z-boson in the
intermediate state. The corrections are given by [6], [13]-[16]
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We have introduced the following abbreviations
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The Ka2 , Kb2 and Kc2 can be obtained from Ka1 , Kb1 and Kc1 by using 1↔ 2 symmetry.
The NLO corrections with a graviton in the intermediate state are given by
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Figure Captions
Fig. 10a The invariant di-lepton pair mass distribution dσ/dQ for Ms = 2 TeV and
d = 3 at
√
S = 14 TeV (LHC). Standard model (dotted line), gravity (long
dashed line), standard model plus gravity (solid line).
Fig. 10b The double differential cross section d2σ/dQ dxF where xF is the longitudi-
nal momentum fraction of the di-lepton pair. The plot is given for Ms = 2 TeV
and d = 3 at
√
S = 14 TeV and Q = 700 GeV (LHC). Standard model (dotted
line), gravity (long dashed line), standard model plus gravity (solid line).
Fig. 10c The double differential cross section d2σ/dQ dY where Y is the rapidity of
the di-lepton pair. The plot is given for Ms = 2 TeV and d = 3 at
√
S = 14 TeV
and Q = 700 GeV (LHC). Standard model (dotted line), gravity (long dashed
line), standard model plus gravity (solid line).
Fig. 11a The KI -factor for the cross section dσ/dQ at Ms = 2 TeV and d = 3. The
plot is made for the LHC (
√
S = 14 TeV). Standard model (dotted line), gravity
(long dashed line), standard model plus gravity (solid line).
Fig. 11b The KI-factor for the double differential cross section d2σ/dQ dxF atMs =
2 TeV and d = 3. The plot is made for the LHC with
√
S = 14 TeV and
Q = 700 GeV. Standard model (dotted line), gravity (long dashed line), standard
model plus gravity (solid line).
Fig. 11c The KI-factor for the double differential cross section d2σ/dQ dY at Ms =
2 TeV and d = 3. The plot is made for the LHC with
√
S = 14 TeV and
Q = 700 GeV. Standard model (dotted line), gravity (long dashed line), standard
model plus gravity (solid line).
Fig. 12a The ratio RI Eq. (7.7) for the cross section dσ/dQ atMs = 2 TeV and d = 3.
The plot is made for the LHC (
√
S = 14 TeV). Gravity alone in LO (dot-dashed
line), standard model plus gravity in LO (short dashed line), Gravity alone in
NLO (long dashed line), standard model plus gravity in NLO (solid line),
Fig. 12b The ratio RI Eq. (7.8) for the cross section d2σ/dQ dxF at Ms = 2 TeV
and d = 3. The plot is made for the LHC with
√
S = 14 TeV), Q = 700 GeV
and xF = 0. Gravity alone in LO (dot-dashed line), standard model plus gravity
in LO (short dashed line), Gravity alone in NLO (long dashed line), standard
model plus gravity in NLO (solid line),
Fig. 12c The ratio RI Eq. (7.9) for the cross section d2σ/dQ dY at Ms = 2 TeV
and d = 3. The plot is made for the LHC with
√
S = 14 TeV), Q = 700 GeV
and Y = 0. Gravity alone in LO (dot-dashed line), standard model plus gravity
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in LO (short dashed line), Gravity alone in NLO (long dashed line), standard
model plus gravity in NLO (solid line),
Fig. 13a The invariant di-lepton pair mass distribution dσ/dQ for Ms = 2 TeV and
d = 2 at
√
S = 1.96 TeV (TEVATRON). Standard model (dotted line), gravity
(long dashed line), standard model plus gravity (solid line).
Fig. 13b The double differential cross section d2σ/dQ dxF where xF is the longitudi-
nal momentum fraction of the di-lepton pair. The plot is given for Ms = 2 TeV
and d = 2 at
√
S = 1.96 TeV and Q = 400 GeV (TEVATRON). Standard model
(dotted line), gravity (long dashed line), standard model plus gravity (solid line).
Fig. 13c The double differential cross section d2σ/dQ dY where Y is the rapidity of
the di-lepton pair. The plot is given forMs = 2 TeV and d = 2 at
√
S = 1.96 TeV
and Q = 400 GeV (TEVATRON). Standard model (dotted line), gravity (long
dashed line), standard model plus gravity (solid line).
Fig. 14a The KI -factor for the cross section dσ/dQ at Ms = 2 TeV and d = 2. The
plot is made for the TEVATRON (
√
S = 1.96 TeV). Standard model (dotted
line), gravity (long dashed line), standard model plus gravity (solid line).
Fig. 14b The KI-factor for the double differential cross section d2σ/dQ dxF atMs =
2 TeV and d = 2. The plot is made for the TEVATRON with
√
S = 1.96 TeV
and Q = 400 GeV. Standard model (dotted line), gravity (long dashed line),
standard model plus gravity (solid line).
Fig. 14c The KI-factor for the double differential cross section d2σ/dQ dY at Ms =
2 TeV and d = 2. The plot is made for the TEVATRON with
√
S = 1.96 TeV
and Q = 400 GeV. Standard model (dotted line), gravity (long dashed line),
standard model plus gravity (solid line).
Fig. 15a The ratio RI Eq. (7.7) for the cross section dσ/dQ at Ms = 2 TeV and
d = 2. The plot is made for the TEVATRON (
√
S = 1.96 TeV). Gravity alone
in LO (dot-dashed line), standard model plus gravity in LO (short dashed line),
Gravity alone in NLO (long dashed line), standard model plus gravity in NLO
(solid line),
Fig. 15b The ratio RI Eq. (7.8) for the cross section d2σ/dQ dxF atMs = 2 TeV and
d = 2. The plot is made for the TEVATRON with
√
S = 1.96 TeV, Q = 400 GeV
and xF = 0. Gravity alone in LO (dot-dashed line), standard model plus gravity
in LO (short dashed line), Gravity alone in NLO (long dashed line), standard
model plus gravity in NLO (solid line),
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Fig. 15c The ratio RI Eq. (7.9) for the cross section d2σ/dQ dY at Ms = 2 TeV and
d = 2. The plot is made for the TEVATRON with
√
S = 1.96 TeV, Q = 400 GeV
and Y = 0. Gravity alone in LO (dot-dashed line), standard model plus gravity
in LO (short dashed line), Gravity alone in NLO (long dashed line), standard
model plus gravity in NLO (solid line),
Fig. 16 The forward backward asymmetry AFB in NLO for the TEVATRON
√
S =
1.96 TeV. The parameters areMs = 1.5 TeV and d = 2. Standard model (dotted
line), standard model plus gravity (solid line).
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